Abstract. Block Data Transmission Systems (BDTS) are used in high speed wireless communication systems with time dispersive channel characteristics. Since Maximum Likelihood Block Detection (MLBD) requires huge amount of computation, Sphere Detection (SD) technique has been introduced as an alternative. This paper proposes an A n Lattice Sphere Detection (A n LSD) technique for detection in block data transmission systems (BDTS). The A n lattice structure offers more dense constellation points than the customary Z n lattice in SD technique. Thus, the proposed A n LSD uses A n lattice generator matrix as the channel matrix, and uses the Gram matrix which is obtained from the generator matrix as part of the detection process. Simulation results show that the proposed A n LSD performs very close to the Exhaustive search (ES) using block size of 20 bits. It is also performing better than the other renowned methods tested under a channel with spectral nulls. The proposed A n LSD technique offers significant reduction in term of objective functions evaluation as compared to the other renowned methods.
Introduction
A block-by-block data transmission scheme is an efficient way of transmitting data over timedispersive channels while reducing Inter-Symbol-Interference (ISI). BDTS is one of the promising techniques for the fourth generation wireless technologies such as Orthogonal Frequency Division Multiplexing (OFDM), Single Carrier Frequency Division Multiplexing Access (SC-FDMA), and Discrete Multi Tone (DMT) modulation scheme. In such systems, blocks of data are separated by known symbols to mitigate the effect of Inter-Symbol-Interference (ISI) between blocks. The exhaustive search maximum likelihood block detection (MLBD) is well-known for offering optimum detection solution for block-data transmission systems (BDTS) with high computational complexity [1] . The sphere detection (SD) serves as an alternative solution because it reduces computational complexity [1] , [2] . The condition number (λ) of the channel matrix has been previously observed to affect a detector's performance [3] . Small errors in the received signal always results in large errors in the recovered data when the condition number (λ) is large [4] , [5] . In this paper, the channel matrix H which mimics an A n lattice generator matrix is introduced. The condition number (λ) of the proposed channel matrix H offers value less than those of the condition numbers of the matrices used in [2] , [6] . Thus, the resultant channel matrix is more robust to the spectral null and to high distortion channels. The proposed A n LSD technique achieves significant improvement in performance. Computational complexity analysis is conducted by comparing the number of visited points during the searching process and the number of endpoints executed in detecting a single block. This paper also proposes analytical expression for initial radius (d) selection that provides complexity reduction.
LSD Background
The search is restricted within a sphere around the received signal (y) by using the LSD technique. The sphere is small enough to enclose at least one lattice point [1] . The noise is assumed to be Additive White Gaussian Noise (AWGN) (µ) with zero mean and average noise power spectral density N 0 /2 (Volts 2 /Hz T be the received vector. If the length of the guard symbol L satisfies L ≥ q − 1, then the linear convolution performed by the channel will be identical to the circular convolution, and the received vector will be given as in Eq. 1.
where H is n × n channel matrix. As shown in Fig. 1 , the LSD technique is presented as a tree search where the nodes represent the symbols0 candidates [1] . The proposed detection system introduces a new generator matrix H that mimics the generator matrix of an A n lattice with a lower condition number (λ). The definition of an A n lattice is given in [7] ,
where Z n+1 is n+1 coordinates to define an n-dimensional lattice space, and u 1 , ..., u n are the coordinates of the basis vectors where A n lies in the hyperplane Σ u i = 0 [7] . Condition number (λ) is deterministically calculated as in [4] :
where E max and E min are the maximum and minimum singular values of matrix H, respectively. Hence, the proposed matrix H that satisfies Eq. 2 is given as:
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Channel matrix H is n × n where n = q + L + 1, and:
Now, the n × n gram matrix G is given as:
A normalized gram matrix (γ) is given as:
where b = |Largest value in G|. Thus, Eq. (1) becomes:
To reduce mathematical computations, we apply QR decomposition on γ, and decompose the matrix into orthogonal matrix Q (that is, Q T Q = I) and upper triangular matrix R.
Let y ' = Rx + ϱ, where y ' = Q T y, ϱ is the additive noise, and y ' is the reduced form of Eq. 1. Thus, Eq. 9 is used in the proposed A n LSD technique, which searches over a restricted area (AE) that at least contains the ML solution.
The A n LSD technique searches all vectors, x k ∈ AE, which satisfies the spherical constraint in Eq. 11. The selection of d is very crucial. If d is large, many points are encapsulated inside the sphere and the system has high computational complexity and vice-versa. AWGN has a constant average normalized power spectral density, thus the average power (P avg ) is a constant value. Therefore, the point inside the sphere does not fluctuate outside the decision region. Thus, the received signal is around the correct solution. The norm of the received signal y is proportional to the power (P avg ) [7] as ‖ ‖ = where = ∑ | | . Therefore, all possible solutions have an average power
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around the value equal to and they lie around the received signal y. Based on the aforementioned statements, the proposed initial radius (d) for the A n LSD-based BDTS is given as = . Sequentially, reference [7] indicated that the SNR (β) is = where σ 2 is the noise variance. Thus, an efficient way of radius selection is:
We approximately recover the original signal when we substitute the value of d in Eq. 11. This equation shows that the radius determines the number of points (τ) inside the sphere, and that (τ) affects the bit error rate (BER) performance as [7] :
where P e is the probability that ε exceeds ρ/2, and ρ is the distance between code points. The smaller the condition number (λ) of the channel matrix, the better is the detection performance [3] because the solution points are denser. Thus, this notion offers the closest solution points, where we replace ρ by ρ min , and Eq. 13 is approximated as:
where ρ min is the minimum distance between code points.
Complexity Analysis
Computational complexity analysis is conducted by comparing the number of objective function evaluations (ζ) executed in detecting a single block to the number of visited points during the searching process plus the number of endpoints that lie inside the sphere. The number of points inside the sphere is approximated to the volume of the sphere divided by the volume of a fundamental parallelotope (basic cell) [7] , [8] :
Consequently, the volume of the n-dimensional sphere is:
where Γ(a) = (a -1)!. The volume of the fundamental parallelotope is: Fig. 1 shows that the sphere detection technique constructs a tree. The branches in the k-th levels of the tree correspond to the lattice points inside the sphere of radius d and dimension k [1] . The authors of reference [8] proposed that the complexity formula at the sphere dimension is equal to n which is given as:
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The expression given in Eq. 18 only finds the number of endpoints inside the sphere. Fig. 1 shows that the number of visited points is 7 (colored red and green), whereas the number of endpoints is 2 (colored green). Thus, Eq. 18 does not give an accurate complexity value. However, reference [1] proposed that the summation formula at the sphere dimension varies from 1 to n without dividing the volume of the fundamental parallelotope, and is given as:
The expression in Eq. 19 does not follow the general formula given in Eq. 15. The proposed formula considers the number of visited nodes and the number of endpoints. Thus, the new complexity formula for the A n LSD technique based BDTS is:
where
and G is defined in Eq. 6. The variables ω and ψ n are the permutation of the set {1,2,..,n} and the set of all permutations, respectively. This expression takes into account the volume of the sphere in different dimensions and the volume of the fundamental parallelotope. It presents the number of visited points and the number of endpoints.
Results and Discussion
This section provides a comparison in terms of BER performance. The simulation considers one channel model similar to that in [9] . The channel impulse response (CIR) is presented by channel A: [0.2294 0.4588 0.6882 0.45882 0.2294] which exhibits strong amplitude distortion [10] . Reference [9] used channel A tested with 20 bit data. We use the same experimental setup to make the comparison fair. Table I shows that the condition number (λ) value of the proposed matrix H is less than the condition numbers of the matrix used in [9] . Analysis results of the performance of the proposed technique are compared with the results obtained from previous studies such as the hybrid micro genetic algorithm (HMGA) [9] using channel A. Fig. 2 shows that the proposed technique has 2.1dB SNR advantage over the HMGA at BER = 10 −2 . Fig. 2 shows that the proposed technique outperforms quasi-ML performance because the proposed matrix has a lower condition number than the other matrices ( Table 1 ) such as that in [6] . These results clearly indicate the advantage of the proposed A n LSD technique for BDTS over other methods.
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Fig 2: Performance analysis of BDTS using channel A We also provide a complexity comparison at the SNR of 10 dB. Fig. 3 shows that the proposed A n LSD technique achieves improved reduction in complexity compared with previous techniques. The first bar from the left in Figs. 3 represents the exhaustive search where all possible points are tested. The second bar from the left represents the complexity computation using the expression given in [8] (Eq. 18), which only computes the number of endpoints. The third bar from the left represents the complexity computation using the expression given in [1] (Eq. 19). The fourth bar from the left represents the computation complexity using the proposed technique which is very close to the next bar. This bar represents the complexity in terms of number of visited points in a simulation environment. The sixth bar from the left represents the number of endpoints using the proposed technique. The rightmost bar in Fig. 3 represents complexity in terms of endpoint number of previous studies, that is, references [6] and [9] , respectively. This study depicts complexity in terms of number of endpoints and number of Fig 3: Complexity comparisons using channel A visited points, whereas previous studies present complexity only in terms of number of endpoints. Analytical computations are conducted using Eq. 20. Fig. 3 shows that the number of visited points is 2605 using Eq. 20, whereas 1708 points were visited using simulation. Analytically, the receiver divides lattice space into M "decision regions" with each region consists of possible solution points closest to a codeword. When the received sequence falls in one of the decision regions, the receiver will take the corresponding codeword as the transmitted data. This
528
Electrical Power Engineering and Sustainable Development of Industry concept is shown analytically by Eq. 10 and Eq. 11. According to [5] , it is not feasible to simulate Eq. 10 and Eq. 11 for every x k ∈AE because this would require the exhaustive search or using the brute force ML approach. Instead, in simulation, the constrained tree search as shown in Fig. 1 is used to find all possible solutions inside the sphere with less amount of complexity. Thus, there exist difference results between the analytical computation and simulation of the proposed system.
Conclusion
In this paper, a near optimum ML detection for BDTS using A n LSD is proposed. A novel A n LSD technique has been introduced which uses the A n lattice generator matrix. In the proposed work, the Gram matrix is used instead of the channel matrix as in previous systems. The BER of the proposed A n LSD technique shows strong convergence towards the exhaustive search and it is better than other renowned methods. The complexity measure uses the number of objective function evaluation count. It is shown that the proposed A n LSD technique shows huge reduction of objective functions evaluation as compared to others. Therefore, the system can be implemented in the real time systems.
